Introduction {#Sec1}
============

Garnet is an abundant mineral phase found in a range geological settings, from skarn-type ore deposits, granite, and low- and high-grade metamorphic rocks, to the upper mantle. It is a widely used proxy in geothermobarometry^[@CR1],[@CR2]^. The stability and generally porphyroblastic nature of garnet makes it an ideal mineral for tracking the evolution of crystallization by measuring the elemental and isotopic compositions of different crystallization zones in garnet^[@CR3]^. On the other hand, heavy rare-earth elements are compatible in garnet, which can provide absolute age constraints using, for instance, the Lu-Hf and Sm-Nd isotopic systems^[@CR4],[@CR5]^. More recently, with the advancement of the spatial and temporal resolution of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), *in-situ* analyses of U-Pb isotopes on magmatic-hydrothermal garnet have successfully determined concordia ages that are identical to magmatic zircon U-Pb ages^[@CR6]--[@CR9]^. Notably, detailed U mapping of garnet illustrates a uniform distribution, indicating that U occurs within the garnet crystal lattice^[@CR10]^. U-Pb ages of garnet therefore represent crystallization ages of the rock.

The Mengku iron deposit is located in the central part of the late Paleozoic Chinese Altai orogen, one of the southern segments of the Altaids orogenic collage (Fig. [1a](#Fig1){ref-type="fig"}), and occurs in the Early Devonian Kangbutiebao Formation^[@CR11]^. Studies in the past decade have provided clear magmatic, structural, and metamorphic frameworks, improving our understanding of the geodynamic evolution of the Chinese Altai orogen^[@CR12]--[@CR17]^. The Kangbutiebao Formation is mainly composed of thick layers of meta-rhyolitic volcanoclastic rocks interlayered with thin layers of meta-sandstone and marble, all of which underwent greenschist to amphibolite facies metamorphism^[@CR18]^. Detailed metamorphic studies on the formation have identified an early Barrovian event and two later Buchan events during the mid-Devonian to early Permian. Structural analyses indicate that the formation underwent early Carboniferous NE-SW trending upright folding, followed by early Permian NW-SE folding^[@CR19]^. The Erqis shear zone is one of the largest transcurrent fault systems in Asia^[@CR12]^. It is located at the southern footwall of the Kangbutiebao Formation. Structural and chronological studies have revealed that the Erqis shear zone caused a series of south-vergent thrusts and strike-slip faults across the Chinese Altai orogen during late Permian to Triassic time, similar to the Barils Thrust in the Kangbutiebao Formation^[@CR13],[@CR20]^.Figure 1(**a**) The geological map of the Mengku iron deposit in the Fuyun. Small black open circles with the age value, pressure, temperature are the results of Briggs^[@CR13]^. (**b**--**d**) show that the skarn mineralization is strata bounded by the deformed host rocks in different scales. (**e**) shows the skarn cut across the fold axis of the hosting rock, indicating post-deformation formation. The locations of (**d**,**e**) are marked in the (**b**).

The Mengku ore deposit is located at the hanging wall of the Barils Thrust. Orebodies are lenticular and enclosed by skarn (Fig. [1b,c](#Fig1){ref-type="fig"}). All orebodies are stratabound to the Kangbutiebao Formation. The distribution of skarn and orebodies thus follows the folded strata at different scales (Fig. [1b,d](#Fig1){ref-type="fig"}). However, in this study, a skarn has been observed to cut across the fold axis of the hosting strata (Fig. [1e](#Fig1){ref-type="fig"}), indicating that the skarn and deposit should be younger than the folding. Mineralization probably formed in an early Devonian hydrothermal vent on the seafloor ^[@CR21]^ or 400 Ma ± 6 Ma fluids of magmatic origin^[@CR22],[@CR23]^. This is inconsistent with our previous and recent observations^[@CR11]^. Previous Ar-Ar dates of biotite in marble from a plateau age of 221 ± 3 Ma suggest a thermal event relating to strike-slip fault movements^[@CR23]^. U-Pb dating of hydrothermal zircon from skarn (250 ± 2 Ma)^[@CR11]^ and Re-Os dating of a molybdenite-bearing quartz vein (261 ± 7 Ma)^[@CR23]^ reveal that the hydrothermal fluid deposits in Mengku occurred in the late Permian to Triassic, which is younger than both the regional magmatic activity (450--270 Ma) and local granites in the mining area (400--378 Ma)^[@CR14],[@CR15],[@CR22]--[@CR26]^. Based on geological, chronological, and isotopic observations, we propose that meteoric water circulating in a shear zone triggered the Mengku iron mineralization^[@CR11]^. However, previous chronological studies of the Mengku deposits are indirect constraints because the dated zircons and molybdenite are not linked with magnetite and skarn formations. The ore genesis of a skarn iron deposit can be described by the following equation^[@CR27]^:$$\documentclass[12pt]{minimal}
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The skarn and magnetite are the principal products of metasomatic processes between silicic and calcic components. Such mineral assemblages have been observed in both outcrops and thin sections (Fig. [2a,b](#Fig2){ref-type="fig"}). Therefore, the age of the andradite indicates the age of iron mineralization. In the Mengku deposit, the marble formations could be the principal source of calcium. Furthermore, the meta-rhyolitic volcanoclastic rocks adjacent to the skarn contain feldspar, which could also supply some of the Ca to the skarn system (Fig. [2c](#Fig2){ref-type="fig"}). Quartz in Fig. [2c](#Fig2){ref-type="fig"} also recrystallized with the formation of biotite elongate with regional foliation, suggesting crustal depths of \~10 km, in line with the P-T estimates of the host rock^[@CR13]^. The garnet in the Mengku deposit belongs to grandite^[@CR11]^, bearing both zoned and non-zoned patterns. The flat compositional profile of garnet has an equilibrated composition, thus representing the average isotopic composition of the fluids. In this study, we conducted *in-situ* U-Pb analyses on a large, non-zoned garnet (Fig. [2d](#Fig2){ref-type="fig"}) in order to directly constrain the age of skarn formation and iron mineralization. In addition, oxygen isotopic measurements of the garnet were made to constrain the source of the fluids responsible for ore genesis of the skarn deposit.Figure 2(**a**) The reaction relic texture of hydrothermal fluids and the hosting meta-rhyolitic volcanoclastic rocks. (**b**) typical skarn mineralization with garnet + diopside + magnetite + calcite. (**c**) shows orthogonal light plagioclase as polysynthetic twin. Quartz is recrystallized with elongated biotite. (**d**) Backscattered electron image of a homogenous garnet crystal. The BSE image location is marked in the large-garnet.

Results {#Sec2}
=======

EPMA data of the garnet and major elements in the host rocks are listed in Supplementary Dataset [1](#MOESM1){ref-type="media"}. The large garnet belongs to grandite and is mainly composed of \~80% andradite \~15% grossular, and \~5% of almandine. The meta-rhyolitic volcanoclastic host rock is enriched in Na~2~O (up to 8.05% wt.%) and depleted in CaO (low to 0.06% wt.%). Such a low content of Ca possibly indicates that the calcium was leached from the meta-rhyolitic rocks.

Oxygen isotope data are listed in Supplementary Dataset [2](#MOESM1){ref-type="media"}. Garnet powder for oxygen analyses by MAT252 gives δ^18^O~V-SMOW~ values of 1.12 ± 0.01‰.

LA-ICP-MS U-Pb analytical results of the large garnet (3 cm diameter) are listed in the Supplementary Dataset [3](#MOESM1){ref-type="media"}. A large garnet crystal measured for U-Pb from the iron-mineralized skarn is homogeneous without major element zoning as measured by EPMA. Eleven U-Pb spot analyses were made on randomly selected regions. The measured Pb/U ratios is concordant within analytical error, with a concordia age of 256.6 ± 1.0 Ma (MSWD = 3.7). The weighted mean ^206^Pb/^238^U age is 254.2 ± 1.7 Ma (MSWD = 0.87) (Fig. [3a](#Fig3){ref-type="fig"}).Figure 3(**a**) The LA-ICP-MS U-Pb result of garnet with concordant and weighed mean ages. The blue bar was excluded from the calculation. (**b**) The Uranium-lead SIMS measurement of a representative zircon with concordant and weighed mean ages. Red circles show the location of geochronological points. (**c**) The age distributions of regional magmatism, metamorphism and shear activities in the Chinese Altai, n = number of ages from^[@CR14],[@CR15],[@CR22]--[@CR26]^.

Secondary ion mass spectrometry (SIMS) U-Pb measurements of zircons are listed in the Supplementary Dataset [3](#MOESM1){ref-type="media"}. The zircons were selected from the mineralized skarn (MK10). They are as large as 300 μm, displaying anhedral and resorption textures, with light and dark colored zones (Fig. [3b](#Fig3){ref-type="fig"}). Fourteen hydrothermal zircons from the iron-mineralized skarn were selected for U-Pb analyses. Th/U ratios are 0.15--0.33 (Supplementary Dataset [3](#MOESM1){ref-type="media"}). The measured Pb/U ratios are similar between different zircons and different zones in one zircon (255.5 ± 1.0 Ma, MSWD = 0.78). The weighted mean ^206^Pb/^238U^ age is 255.1 ± 1.0 Ma (MSWD = 2.11), which is interpreted as the crystallization time of the zircons (Fig. [3b](#Fig3){ref-type="fig"}).

Discussion {#Sec3}
==========

The timing of skarn formation and iron mineralization {#Sec4}
-----------------------------------------------------

Magnetite is the primary iron-bearing mineral that mostly occurs with diopside, andradite, quartz, calcite, and other calcic-silicate minerals (Fig. [2d](#Fig2){ref-type="fig"}). In the skarn formation, it is possible that iron-rich silicous fluid reacts with calcium-rich strata, producing a calcium-rich skarn and magnetite in the deformed strata. Therefore, the age of andradite directly constrains the iron mineralization. According to the *in-situ* LA-ICP-MS U-Pb result, the garnet formed at 254.2 ± 1.7 Ma (Fig. [3a](#Fig3){ref-type="fig"}), which is significantly younger than any outcrop of igneous rocks in the mining area. The timing of mineralization determined by SIMS of zircons from the mineralized skarn have a concordant age of 255.1 ± 1.0 Ma (Fig. [3b](#Fig3){ref-type="fig"}). The garnet U-Pb age is identical to the hydrothermal zircon U-Pb date. The garnet and zircon have been observed to occur as intergrowths in the Mengku deposit. The zircons are therefore interpreted as hydrothermal in origin. This is further substantiated by the occurrence of fluid- and hydrothermal-mineral inclusions^[@CR11]^. In summary, the simultaneous crystallization of garnet and hydrothermal zircon are supported both by mineralogy and these geochronological results. We reported hydrothermal zircon ages of 250.2 ± 2 Ma from the mineralized skarn of the Mengku deposit with the LA-ICP-MS method^[@CR11]^. Our previous result is slightly younger than the new results, but consistent within 2σ error. Consequently, formation of the Mengku iron deposit \~255 Ma ago is confirmed by the direct garnet U-Pb date.

The meta-rhyolitic volcanoclastics of the Kangbutiebao Formation in the Mengku ore deposit mainly formed at 404 ± 5 Ma^[@CR11]^. The emplacement ages of the granites in the mine area range from 404 ± 8 Ma to 378 ± 7 Ma^[@CR22],[@CR24]^. The structural geology of garnet-amphibolite schist 3-10 km southeast of the Mengku deposit is consistent with the thrusting movement of the Barils fault. The Th-Pb metamorphic ages of these rocks dated from monazite *in-situ* have an average age of 246 Ma ± 18 Ma, which is proposed as the constraint for the timing of regional shear movement^[@CR13]^. The Mengku mineralization time is much younger than the magmatic ages in the mining area, but is consistent with the timing of metamorphism. If we compare the magmatic ages and regional metamorphic events of the entire Chinese Altai region, the Mengku deposit is even younger than the youngest major magmatic event 320 Ma ago as well as the youngest Buchan type metamorphic event 290 Ma ago (Fig. [3c](#Fig3){ref-type="fig"}). The timing of the regional shear zone movements thus bracket the formation age of the Mengku deposit.

Meteoric water dominating hydrothermal fluids {#Sec5}
---------------------------------------------

Oxygen isotopes of different minerals deposited from hydrothermal fluids can be used to trace their origins. The δ^18^O of the magmatic water that equilibrated with the melt is approximately 5‰--8‰, whereas the δ^18^O of marine carbonate is usually \>20‰^[@CR28]^. If such sources contribute to the fluid, the fluid records the corresponding oxygen isotope characteristics. Marble is exposed at the northeast and southwest of the deposit^[@CR24]^, which belongs to the Kangbutiebao Formation. If the carbonate precipitated from some isolated fluids in the skarn system, the garnet would record a high-δ^18^O signature, which is inconsistent with our results. The observed δ^18^O values of garnet (5\~10‰) in many typical magmatic hydrothermal skarn deposits^[@CR29]--[@CR32]^ are similar to those of the magmatic water, clearly indicating that the magmatic water was the primary source of the hydrothermal fluids. However, the δ^18^O of garnet in Mengku is only 1‰, whereas the δ^18^O of hydrothermal zircons are as low as 2.4‰^[@CR11]^. Because the zircon directly crystallized from a fluid, such low δ^18^O values cannot be explained by a magmatic water origin mixed with limestone wall rock or calcium-rich volcanoclastics^[@CR11]^. The low δ^18^O of garnet is also inconsistent with a magmatic origin. The combined high-resolution ages of regional magmatic events were at 420\~360 Ma and 330\~270 Ma, respectively. After \~270 Ma, the Chinese Altai region went into a magmatic lull stage^[@CR15]^. The 420--360 Ma metamorphic events are interpreted by a transformation from middle-temperature/middle-pressure Barrovian type to low-pressure/high-temperature Buchan type metamorphism during tectonic switching from northwest to southeast shortening events. In the early-middle Permian (290\~270 Ma), another high-temperature Buchan type metamorphic event occurred during northeast-southwest shortening of the Chinese Altai Orogen^[@CR19],[@CR26]^. After 270 Ma, no regional metamorphic event occurred. Therefore, neither regional magmatic or metamorphic events could have produced hydrothermal fluids. However, the 255 Ma mineralization is not much later than the youngest Buchan type metamorphism at 270 Ma, which could have increased the regional geothermal gradient over time.

Although various terranes amalgamated together in the early to middle Permian of the Chinese Altai Orogen, thus ceasing magmatism and metamorphism, the terranes continued to move, producing many shear zones along terrane boundaries during the late Permian to Triassic (Fig. [3c](#Fig3){ref-type="fig"})^[@CR13],[@CR20],[@CR33],[@CR34]^. Peak P-T conditions of the 246 ± 18 Ma garnet-amphibolite schists reached 5.8 ± 1.7 kbar and 643 ± 117 °C^[@CR13]^, indicating it formed at a crustal depth. A recent study suggests that meteoric water penetrated down to 10 km depth along faults and circulated back up without magmatic driving^[@CR35]^. According to the P-T constraints of the garnet-amphibolite schist in close proximity to the Mengku deposit, the temperature at \~10 km depth is 290\~420 °C. As mentioned above, the Mengku deposit and the garnet-amphibolite schists are located at the hanging wall of the Barils fault and Erqis shear zone. If the Erqis shear zone connects with the Barils thrust at 10 km depth, shear heating can further increase the temperature along the fault by up to 200 °C^[@CR36]^. The predicted temperature range at 10 km depth is consistent with a range from 300 °C to \~450 °C, which is consistent with models of shear heating^[@CR36]^. Due to thrusting, meteoric water can be transported efficiently downwards along faults. Temperatures can facilitate local meteoric water circulation that interacts with wall rock, leaching mobile cations^[@CR37]^. The water/rock ratio can be calculated from the following equation^[@CR38]^:$$\documentclass[12pt]{minimal}
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Implication for mineralization {#Sec6}
------------------------------

In this study, the LA-ICP-MS U-Pb garnet age (255 Ma) of the Mengku deposit is consistent with regional shear-thrust movements (246 Ma) and is much younger than the magmatic-metamorphic events recorded both in the ore deposits (378 Ma) and the Chinese Altai region (270 Ma). We therefore model the chronological course of events from mineralization to shear movement using the direct U-Pb dates on garnet and hydrothermal zircons from ores and the activation timing of regional shear systems (Fig. [5](#Fig5){ref-type="fig"}). We further interpret that the δ^18^O~garnet~ is only 1‰, indicating a meteoric water-rich signature. The δ^18^O~garnet~ resulted from water-rock reactions with water/rock mass ratios of 0.065--0.115 in an open system from 250--450 °C, with 6.5--11.5% of water in the region. Previous studies identified rock permeability increasing along fracture zones in the crust^[@CR40]^. Hence, such water fractions are common in the region along the fault at 10 km depths^[@CR41],[@CR42]^. Ductile deformation occurs in quartz at \~10 km, and feldspar exhibits brittle structure^[@CR43]^. Due to the brittle deformation of feldspar, there would be small passages in the shear zone in which fluids could be channeled. Additionally, meteoric water in shear-thrust movements in the Chinese Altai Orogen efficiently penetrate the fault at \~10 km depths, which is also reported in other fault zones^[@CR35],[@CR44]^. Higher temperatures occur at depth in the shear zone that are higher than the regional geothermal gradient because of the additional shear heat^[@CR36]^. According to the regional geothermal gradient and thrust-shear movements, we propose that the faults provided conduits and heat 'engines' for the circulation of fluids along the hanging wall rocks. The wall rock probably retains ore-forming elements such as Fe and Ca. The skarn mineral assemblage formed by silica- and calcium-rich deposits induced by shear-thrust movement is different to regular skarn ores deposited by the reaction between magmatic-derived hydrothermal fluids and calcium-rich components^[@CR45]^~.~ Notably, many different kinds of ore deposits have been reported in the adjunct region of regional shear zones in orogenic belts, and their mineralization times occurred coeval with active shear zones rather than around the time of regional magmatism, e.g., the Lupin gold deposit in Canada and the Tieluping silver deposit in China^[@CR46]--[@CR51]^. Such shear zones could help the rock to release and circulate fluids in an orogenic belt, and thus must play essential roles as both fluid conduits and heat sources^[@CR40]^. Our model of hydrothermal gradients along shear zones circulating fluids during shear movement that lead to mineralized ores should be of significant economic relevance for future mineral exploration. Because shear zones are ubiquitous and widespread during geological history, their role in economic geology may have been heretofore overlooked.Figure 5A conceptual model of the Mengku deposit. The model illustrates the shear movement and thrust motion circulating the meteoric water. Skarn iron ore layers follow with fold strata as in the Fig. [1b](#Fig1){ref-type="fig"}. The deformation styles and ages of the two stages of deformation of strata are from^[@CR19],[@CR26]^. The inset corresponding to the Fig. [1e](#Fig1){ref-type="fig"} represents the skarn that cross-cuts the fold. The green lines on the shear zone indicate the shear direction. The pink rock is granitic basement. The color bar on the left is the relative water content the shear zone on a temperature color scale. The temperature of the shear zone increases and the water content decreases with the depth. The isotherm refers to Leloup *et al*.^[@CR36]^.

Methods {#Sec7}
=======

Sample preparation {#Sec8}
------------------

Garnet, zircon and meta-rhyolitic rocks in this study were sampled in the vicinity of the No. 7 orebody. The garnet is large enough to collect by hand, and zircons were separated by a combination of heavy liquid and magnetic techniques. For U-Pb and major element analytical purpose, garnet and zircon were mounted in epoxy resin separately and polished to remove the upper one-third of the grains. Cathodoluminescence (CL) images were obtained in order to identify internal structures and choose potential target sites for U-Pb analyses.

Major oxides of garnet by JEOL JXA-8100 electron microprobe and major-element oxides of rock by XRF {#Sec9}
---------------------------------------------------------------------------------------------------

They were determined at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). Analyses were undertaken to employ a 1--2 μm beam spot size, with 15 kV accelerating voltage, counting time of 20 s and 20 nA beam current per element. A program based on the ZAF procedure was used for data correction. Major-element oxides were analyzed on fused glass disks employing a Phillips PW 1500 × -ray fluorescence spectrometer. The precision and accuracy of the major-element data as determined with the Chinese whole-rock granite standard GSR-1 are ≤5% and ca. 5% (2 s), respectively.

Garnet U-Pb analyses by LA-ICP-MS {#Sec10}
---------------------------------

Isotopic measurements were carried out at an Agilent 7500a (Agilent Technologies, Japan) mass spectrometer coupled with an excimer 193 nm laser ablation system (Geolas 2005, Lambda Physic, Gottingen, Germany) at the IGGCAS. Detailed analytical procedures and experimental parameters are described by Seman *et al*.^[@CR9]^ and Yang *et al*.^[@CR52]^. Laser working conditions were: 50 s ablation time, 6 Hz repetition rate, 7 mJ energy with 90% beam attenuation, resulting in a fluence of 10 J cm^−2^. He carrier gas flow rate and Ar sample gas flow rate were set at 0.67 L/min and 1.05 L/min, respectively. Each spot is 60 μm in diameter, which consists of an approximately 25 s background acquisition and 60 s specimen data acquisition. During routine analysis, background intensities were measured on-peak with laser off for the initial 25 s, and the laser was fired onto the samples for 60 s. Standards were two matrix-matched external references andradite (Willsboro and Magana Mali) and one internal standard NIST 612 glass. ^207^Pb/^206^Pb and ^206^Pb/^238^U ratios were calculated using GLITTER 4.0^[@CR53]^. Data reduction was carried out using the IsoplotR program^[@CR54]^.

Zircon U-Pb analyses by SIMS {#Sec11}
----------------------------

Measurements of U, Th, and Pb isotopes of zircon were conducted using a Cameca-IMS 1280 large-radius Secondary Ion Mass Spectrometry (SIMS) at IGGCAS. Zircon U-Th-Pb ratios and absolute abundances were determined relative to the standard zircon 91500^[@CR55]^, analyses of which were interspersed with those of unknown grains, using operating and data processing procedures similar to those described by Li X. *et al*.^[@CR56]^. A long-term uncertainty of 1.5% (1 RSD) for ^206^Pb/^238^U measurements of the standard zircons was propagated to the unknowns of Li Q. *et al*.^[@CR57]^, although the measured ^206^Pb/^238^U error in a specific session is generally around 1% (1 RSD) or less. Measured compositions were corrected for common Pb using non-radiogenic ^204^Pb. Corrections are sufficiently small to be insensitive to the choice of common Pb composition, and an average of present-day crustal composition^[@CR58]^ is used for the common Pb assuming that the common Pb is mostly surface contamination introduced during sample preparation.

Garnet O analyses by stable isotopes mass spectrometer {#Sec12}
------------------------------------------------------

Oxygen was extracted from garnet by the BrF method^[@CR59]^. The analytical precisions were ±0.1‰. Garnet oxygen compositions were determined on a Finnigan-MAT252 mass spectrometer at IGGCAS.
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